We examine the role of Ti doping in the incommensurately layered thermoelectric oxide material Ca 3 Co 4 O 9 (CCO). The measured Seebeck coefficient of S = 135 µV /K in Ti-doped CCO thin films of composition Ca 3 Co 3.8 Ti 0.2 O 9 indicates no significant enhancement of S compared to pristine CCO, thus confirming prior experimental results. Using a combination of aberration-corrected scanning transmission electron microscopy, electron energy-loss spectroscopy and first-principles computations, we determine the atomic and electronic structures of Ti-doped CCO, including the preferred location of Ti dopants and valence states of Ti and Co atoms. Our findings on the structural, electronic and transport properties of the Ti-doped CCO are discussed in light of previously published results.
I. INTRODUCTION
Over the last few decades, the quest for high-efficiency thermoelectric (TE) materials has attracted great attention, since the thermoelectric effect, i.e. direct conversion of heat into electrical energy, is an important method for power generation 1 and electronic refrigeration.
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As an eco-friendly energy source, the thermoelectric power has the potential to be an alternative to traditional fossil fuels. The efficiency of a thermoelectric material is usually expressed in terms of the dimensionless figure of merit ZT , which is defined as ZT = S 2 T ρκ , where S, T , ρ, κ are Seebeck coefficient, absolute temperature, electrical resistivity, and thermal conductivity, respectively. Large Seebeck coefficient, low electrical resistivity, and low thermal conductivity are required for good TE materials.
While many different material systems have been studied, the class of thermoelectric oxides holds particular promise for achieving high thermal and environmental stability. high thermoelectric figure of merit (ZT ∼ 1 at 1,000
• C), 6 and high temperature stability.
The atomic and electronic properties of pristine CCO have been studied extensively both experimentally and theoretically. In strongly correlated oxide materials, such as CCO, the Seebeck coefficient can be determined using the Heikes formula: 
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It should be noted that these doping studies have been conducted on poly-crystalline bulk samples without a comprehensive understanding of Ti dopant effects on the local atomic and electronic structures.
In this paper, we use a combined experimental and theoretical approach to determine the effects of Ti doping on the structural and electronic properties of CCO. More specifically, we combine aberration-corrected scanning transmission electron microscopy (STEM), electron energy-loss spectroscopy (EELS), first-principles density functional theory (DFT) and pulsed-laser deposition (PLD) thin-film synthesis to study the structure and transport properties of Ti-doped CCO. We find that for 100 nm thick films grown on SrTiO
there is no difference in the Seebeck coefficients of Ti-doped and pristine CCO. 16 We determine the structure of Ti-doped CCO both experimentally and theoretically, and find that Ti doping has very little effect on either the local atomic structure or the density of states of Co in the CoO 2 subsystem. The rest of the paper is organized as follows: In Sec. II, we provide the details of experimental and computational methods. The structure of Ti-doped CCO and the position of the Ti dopants are discussed in Sec. III. In Sec. IV, we present EELS and DFT studies for the electronic structure of Ti-doped CCO. Finally, in Sec. V, we discuss and summarize our findings in light of previously published results.
II. METHODS

A. Experimental Methods
Ti-doped CCO thin films (Ca 3 Co 3.8 Ti 0.2 O 9 ) were deposited by PLD with an Coherent Lambda Physik Excimer laser (λ = 248 nm, repetition rate is between 4 and 8 Hz). The films were 100 nm thick and grown on a (001)-oriented SrTiO 3 substrate. The optimal condition was found with laser fluence at 1.5 J/cm 2 and oxygen pressure at 300 mTorr. More details on the thin films synthesis of CCO can be found in Ref. 16 . All atomic-resolution STEM images presented here were acquired on a Nion UltraSTEM at Oak Ridge National Laboratory, operated at 100 kV. The semi-convergence angle for high-angle annular dark field (HAADF)
imaging was chosen to be 30 mrad, which results in an image intensity proportional to approximately Z 2 . [33] [34] [35] To analyse the influence on the electronic structure, the EEL spectra were acquired with a dispersion of 0.5 eV per channel to record the O K-, Ti L-and Co L-edges simultaneously. The Seebeck coefficient was measured by using a physical property measurement system (Quantum Design) equipped with a thermal transport option.
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B. Computational Methods
First-principles calculations within the framework of density functional theory (DFT)
were carried out using the Perdew-Burke-Ernzerhof (PBE) 36,37 exchange correlation functional and the plane-wave pseudopotential method as implemented in the Vienna Ab Initio
Simulation Package (VASP) 38 . Rébola et al. 17, 18 suggested that the incommensurately layered CCO can be modeled using rational approximants of composition [
where F (n) are Fibonacci numbers. Their study showed that the 5/3 approximant, which that there is no apparent change in the crystal structure upon doping with Ti, which suggests that the Ti dopants do not influence the atomic structure significantly.
In order to investigate this further, we performed first-principles calculations on the structure of the pristine and Ti-doped CCO. The optimized structure of pristine CCO with a 5/3 unit cell is shown in Fig. 2 . After structural relaxation, we find a clustering with three units of Ca 2 CoO 3 (denoted by X 3 ) along the b axis of the RS subsystem, which is a feature also observed by Rébola et al. 17 . Due to this clustering, the CoO 6 octahedra on the either side of X 3 are significantly distorted. The lattice parameters of the optimized structure with the 5/3 unit cell are shown in Table I . The results are essentially the same as those obtained by Rébola et al. 17 and agree well with experimental data. Fig. 1 ) suggest that Ti substitutes Co rather than Ca atoms, since the latter scenario would imply significant structural rearrangements not observed experimentally. However, this analysis does not provide sufficient insight to distinguish between Ti-doping at the RS or the CoO 2 subsystems, which we investigate next.
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In order to determine the location of Ti dopants, we have performed atomic-resolution EELS measurements. Figure 4 (a-d) shows the Z-contrast and EEL spectrum images of CCO, including the integrated Co, Ti, and Ca L-edge intensity distributions. Table II) . 42 This shows a strong preference of Ti atoms substituting for Co, rather than Ca atoms. This also shows a somewhat significant (by 0.13 eV) preference for Ti substituting Co atoms in the RS subsystem, rather than the CoO 2 subsystem, in agreement with our findings based on the EELS analysis.
We also computed the formation energies of Ti defects using a 3/2 unit cell of CCO (shown in Table II ). In this case, the averaged formation energies for Ti Co (RS layer), Ti Co Ti dopants are more likely to replace Co atoms in the RS rather than the CoO 2 subsystem.
IV. ELECTRONIC PROPERTIES OF TI-DOPED CCO
The Seebeck coefficient of our Ti-doped thin-film CCO was measured to be S = 135
µV /K at room temperature. Therefore, we find no significant enhancement of S compared to pristine bulk CCO (S ≈ 130 µV /K) within the experimental uncertainty of our transport measurement. 32 In order to explain this phenomenon and examine electronic properties of Ti-doped CCO, we compare the near-edge fine-structures of the Ti L-, Co L-and O K-edges with the corresponding density of states (DOS) from our DFT calculations.
To study the valence state of Ti, the fine-structure of the Ti L-edge was analysed. we find that Ti is in a 4+ valence state in our doped CCO thin films. More specifically, our measured Ti L-edge onset and L 3 -L 2 splitting are very close to the corresponding values of 459.5 eV and 4.8 eV, respectively, measured by Sankararaman et al. 44 for Ti 4+ .
To further study the occupancy of Ti 3d orbitals, we have calculated and analyzed the projected density of states (DOS). Fig. 6 (a) We note that for the case of Ti in the CoO 2 layer, the coordination of Ti with oxygen is nearly perfectly octahedral. As a result, the orbitals within the t 2g and e g manifolds remain degenerate in both spin channels. However, for Ti in the RS subsystem, the TiO 6 octahedra are compressed along the c-axis, which causes splittings in the two manifolds, which is particularly noticeable for e g orbitals, as shown in Figure 6 (b). The partial DOS below the Fermi-level, which results from the covalent bonding between the O 2p and the Ti 3d orbitals, is negligible. Therefore, we find the Ti atom to be in a 4+ charge state
) for Ti substituting Co either in the RS or the CoO 2 subsystems, which agrees with the experimental findings based on the Ti L-edge analysis.
Next, we study the valence state of Co upon Ti-doping. Fig. 7 shows the projected DOS for the d-orbitals of Co in the CoO 2 layer before and after the Ti substitution of Co in the RS subsystem (the results for Ti Co when Ti substitutes Co in the CoO 2 layer are the same).
The t 2g -e g splitting due to the ligand field in the CoO 6 octahedra is clearly visible. While the e g orbitals are all unoccupied, the t 2g orbitals are mostly occupied except for a small region of up to 0.2 eV above the Fermi level in the spin-up channel. That the t 2g orbitals are not fully occupied implies that Co is in a mixed valence state of Co 3+ (t ). After Ti substitution, the ratio of unoccupied to occupied t 2g orbitals remains the same, which indicates that the Co valence state is not affected by the Ti substitution.
To further investigate the influence of Ti dopants on the electronic structure of Co, we can analyze the change of the experimentally measured Co L-edges as a function of Ti concentration. Since Ti does not replace Ca atoms (as discussed in Sec. III), we use the Ti/Ca intensity-ratio as a measurement of the local Ti concentration. We find that even within the same sample, the Ti/Ca intensity ratio exhibits an inhomogeneity within the range of 0.067 (± 0.01) to 0.130 (± 0.02). Fig. 8 (a) shows the EEL spectra of Co L-edges in the CoO 2 layer for two different Ti concentrations (corresponding to Ti/Ca intensity ratios of 0.067 and 0.130). The two signals are normalized with respect to a 50 eV window (830 eV to 880 eV) above the Co L 2 edge. We find that there is no difference between these two signals in terms of their edge onsets and the L 3,2 splitting, even though one spectrum is taken from a region with twice the Ti concentration. Fig. 8 (b) shows the Co L 3 /L 2 ratio as a function of the Ti concentration and we can clearly see that there is no significant correlation between the Ti concentration and the Co L 2,3 ratio with almost all the measured values corresponding to a Co valence of 3.5+ (within the experimental error bars) as in pristine CCO. This is in agreement with the results from DOS analysis discussed above.
Finally, we examine the O K-edge fine-structure. As previously shown, the O K-edge pre-peak is correlated to the hole concentration and the Co-ion spin state.
15,45 Fig.8 (c) shows the O K-edge taken from the CoO 2 layers for the pristine and Ti-doped CCO. Within the experimental error bars, we do not observe a systematic change in the O K-edge fine-structure, either, which further confirms that the Co valence and spin-states remain unchanged after Ti-doping.
V. DISCUSSION AND SUMMARY
In this paper, we have examined the structural, electronic and transport properties of Tidoped CCO thin films using a combination of first-principles modeling and atomic-resolution scanning transmission electron microscopy. From both Z-contrast imaging and structural optimization studies, we do not find any appreciable change in the crystal and local atomic structures upon Ti doping. The EEL spectra of Ti, Ca and Co L-edge distributions strongly suggest that Ti replaces Co in the RS sub-system. This experimental result is confirmed by our first-principles calculations, which find the lowest formation energy for Ti Co -type defects when Ti substitutes the Co atoms in the RS layers. Furthermore, from an analysis of the site-projected partial density of states, as well as the EELS fine-structure studies, we find the Co and Ti valence states to be +3.5 and +4, respectively. This implies that there is no change in the Co valence state, the Co-ion spin state, or the overall charge carrier concentration in the p-type CoO 2 -layers compared to pristine CCO. All of these results are consistent with our finding of no enhancement in the Seebeck coefficient for Ti-doped CCO samples in comparison to pristine CCO.
While the preferential location of Ti dopants (in the RS sub-system), as predicted by our first-principles calculations, agrees with the earlier experimental results by Xu et al. 32 
